Using next-generation, transcriptome-wide RNA sequencing (RNA-Seq) technology we assessed the effects of exercise training on transcriptional profiles in skeletal muscle arterioles isolated from the soleus and gastrocnemius muscles of Otsuka Long Evans Tokushima Fatty (OLETF) rats that underwent an endurance exercise training program (EX; n ϭ 13), interval sprint training program (SPRINT; n ϭ 14), or remained sedentary (Sed; n ϭ 12). We hypothesized that the greatest effects of exercise would be in the gastrocnemius arterioles. Results show that EX caused the largest number of changes in gene expression in the soleus and white gastrocnemius 2a arterioles with little to no changes in the feed arteries. In contrast, SPRINT caused substantial changes in gene expression in the feed arteries. IPA canonical pathway analysis revealed 18 pathways with significant changes in gene expression when analyzed across vessels and revealed that EX induces increased expression of the following genes in all arterioles examined: Shc1, desert hedgehog protein (Dhh), adenylate cyclase 4 (Adcy4), G protein binding protein, alpha (Gnat1), and Bcl2l1 and decreased expression of ubiquitin D (Ubd) and cAMP response element modulator (Crem). EX increased expression of endothelin converting enzyme (Ece1), Hsp90b, Fkbp5, and Cdcl4b in four of five arterioles. SPRINT had effects on expression of Crem, Dhh, Bcl2l1, and Ubd that were similar to EX. SPRINT also increased expression of Nfkbia, Hspa5, Tubb 2a and Tubb 2b, and Fkbp5 in all five arterioles and increased expression of Gnat1 in all but the soleus second-order arterioles. Many contractile and/or structural protein genes were increased by SPRINT in the gastrocnemius feed artery, but the same genes exhibited decreased expression in red gastrocnemius arterioles. We conclude that training-induced changes in arteriolar gene expression patterns differ by muscle fiber type composition and along the arteriolar tree.
WHEN A RAT is simply maintaining posture on the treadmill, its slow-twitch, oxidative soleus muscle has blood flow two-to fourfold greater than fast-twitch, glycolytic gastrocnemius muscle (2, 39) . As treadmill exercise begins muscle fibers in the gastrocnemius muscle are recruited and blood flow increases with increasing running speed so that soleus and gastrocnemius muscles have similar blood flow during intense exercise (1) . Exercise training of various intensities produces structural and functional vascular adaptations of greater magnitude within the gastrocnemius muscle vascular network than in the soleus vascular network of rats (4, 7, 28, 48) . It seems possible that the differences in vascular adaptation in these two skeletal muscles result from the fact that the soleus muscle does not have as large an increase in blood flow during exercise (1, 2, 39) because substantial evidence supports the notion that vascular shear stress plays a key role in modulation of the phenotype of vascular cells and of structural vascular adaptation (29, 43) .
The incidences of obesity, metabolic syndrome, and type 2 diabetes (T2D) continue to grow at alarming rates (33, 60) . Insulin resistance is a cardinal sign of T2D which may be attributable to physical inactivity/sedentary lifestyle combined with obesity (9, 51, 55, 60) . Although exercise training increases insulin sensitivity and glycemic control, these beneficial effects do not explain the power of exercise in prevention and treatment of T2D (3, 23, 56, 66) so mechanisms responsible for these effects of exercise remain to be established (66, 68) .
T2D is associated with decreased endothelium-dependent dilation (EDD) and vascular rarefaction in skeletal muscle microcirculation (34, 38, 60) leading us to hypothesize that the ability of exercise to restore structure/function in skeletal muscle vasculature in T2D relates to reversing these untoward effects. Importantly, T2D-induced blunting of EDD differs with muscle fiber type composition, and exercise training reverses this dysfunction in a fiber type-dependent manner (4, 48, 52) as exercise training improves EDD nonuniformly in the arterial tree of skeletal muscle (4, 30, 48, 52, 53) .
In the study reported herein, transcriptional profiles in skeletal muscle arterioles and feed arteries from sedentary and exercised-trained animals were assessed using techniques de-the nearest 0.01 g. Citrate synthase activity was measured from whole muscle homogenate of the red and white portions of the vastus lateralis muscle using the spectrophotometric method of Srere (62) .
Blood parameters. Whole blood was collected on the day of euthanasia for analysis of glycosylated hemoglobin (HbA1c) by the boronate-affinity high-performance liquid chromatography method (Primus Diagnostics, Kansas City, MO) in the Diabetes Diagnostics Laboratory at the University of Missouri. Serum samples were prepared by centrifugation and stored at Ϫ80°C until analysis. Glucose, triglyceride (TG), and nonesterified fatty acid (NEFA) assays were performed by a commercial laboratory (Comparative Clinical Pathology Services, Columbia, MO) on an Olympus AU680 automated chemistry analyzer (Beckman-Coulter, Brea, CA) using commercially available assays according to manufacturer's guidelines. Plasma insulin concentrations were determined using a commercially available, rat-specific enzyme-linked immunosorbent assay (Alpco Diagnostics, Salem, NH). Samples were run in duplicate, and manufacturer's controls and calibrators were used according to assay instructions.
Isolation of skeletal muscle arterioles. Immediately after harvesting the gastrocnemius and soleus muscle complex, the muscles were pinned down in a Petri dish containing a cold RNA-stabilizing agent (RNAlater; Ambion, Austin, TX). Under the microscope, diaphragm, soleus, and gastrocnemius feed arteries and second (2a)-order branch arterioles were dissected clean of perivascular adipose tissue and excess adventitia. Thus from each rat we isolated the following: the soleus feed artery (SFA) and 2a arteriole (S2a); and the feed artery (GFA), 2a arterioles from red (RG2a) and white (WG2a) portions of the gastrocnemius muscle as shown in Fig. 1 . Also, diaphragm feed artery (DFA) and 2a arterioles (D2a) were isolated at the same time. All samples were kept in RNAlater for 48 h at 4°C, and then removed from the RNAlater solution and stored at Ϫ80°C until analysis. Although results from the SFA and GFA have been reported previously, we chose to include data from these samples in our current analysis as an internal check of our data analysis procedures (31, 57, 58) . Thus, as described below, the RNA-Seq data from SFA and GFA were the same as reported previously, but it was required that these data were analyzed again in the process of analyzing the results from S2a, RG2a, and WG2a samples. Because of the substantial number of differences in the effects of exercise training on gene expression in the diaphragm arteries and the skeletal muscle arteries we decided to publish these data in two papers, this one and the companion paper (40a) focused on diaphragm feed arteries and second-order arterioles.
RNA extraction and quality control. Total RNA isolations were performed as described previously using the NucleoMag 96 RNA kit procedure (Clontech part no. 744350.1) (31, 57) . For assessing total RNA yield and integrity, tandem Agilent Bioanalyzer 2100 instruments were used in combination with the Total RNA 6000 Pico Assay as described (31, 57) . At the time of this study, the RNA Pico LabChip Kit was the only platform to give unbiased assessment of RNA integrity (via RIN) and accurate results with small amounts of RNA. Typical yields for these samples were ϳ500-1,000 pg/l.
Illumina library preparation (SMARTer amplification and RNA-Seq).
The SMARTer Ultra Low RNA Kit for Illumina Sequencing (Clontech, cat. no. 634935) was utilized for generating full-length cDNA transcripts prior to Illumina RNA-Seq library preparation due to low concentration of RNA in some samples. We used SMARTer firststrand cDNA synthesis and purification, utilizing the SMARTer anchor sequence and poly(A) sequence that serve as universal priming sites for end-to-end generation of single-stranded cDNA, followed by cDNA amplification with LongDistance PCR (LD-PCR) using the manufacturer's recommended Advantage 2 PCR system (Clontech, cat. no. PT3281-1) as designed for Illumina sequencing and used 100-1,000 pg of total RNA as input to the SMARTer 1st cDNA reaction.
The Bioanalyzer 2100 High Sensitivity DNA Assay (Agilent, cat. no. 5067-4626) was used to size and quantitate DNA up to 12 kb in length, using minimal sample volumes (1 l). After 14 cycles of LD-PCR amplification the final cDNA yields were estimated at ϳ1-10 ng for each sample. To generate Illumina Paired-End RNAseq libraries, cDNA was fragmented to ϳ200 bp using the Q700 DNA fragmentation system (QSonica) and then used directly with the NextFlex DNA preparation kit (Bioo Scientific, cat. no. 5140-02). Fragment cDNA was end repaired and purified with 1.8 ϫ SPRI beads to remove reaction components (Agencourt) and A-tailed in preparation for cohesive ligation to the Illumina specific sequencing adapters (NextFlex DNA Adapters, Bioo Scientific, cat. no. 514104). Ligated DNA was purified twice with 1.0 ϫ SPRI to remove adapter dimers and perform gel-free size selection, and then amplified through 14 cycles of PCR. The final sequencing construct was purified with a 1.0 ϫ SPRI to remove low-molecular-weight adapter dimer artifacts (if any), and libraries were validated to contain ϳ330 bp fragments using the Bioanalyzer 2100 High Sensitivity DNA Assay. Library quantitation was performed using the Qubit 2.0 flourometer and the High Sensitivity DNA assay (Life Tech, cat no. Q32851).
RNA sequencing. As previously described (31, 57) , large-scale multiplexing (48 bar codes) was used to form many library pools that were later sequenced. Samples were randomized to the pools in a stratified manner with dynamic allocation used to maximize the representation and balance of key covariates (e.g., vessel, treatment, and date of death). The final pools were each loaded on a single lane of single-read 50-base sequencing on the Illumina HiSeq2000 yielding ϳ175-200 million useable reads per lane (14 -17 million reads per RNAseq sample). Because the harvesting and sequencing could not all be done at one time, the pools were sequenced in 5 batches over a 4-mo period.
Statistical analysis. The analysis of the RNA-Seq data was carried out for the SFA, S2a, GFA, RG2a, WG2a, DFA, and D2a samples as described previously (31, 57) . Nonspecific filtering of genes prior to statistical testing was carried out to increase detection power (10) , based on the requirement that a gene have mean expression level greater than 2 counts per million reads mapped (CPM) after averaging across all samples. This CPM cutoff was established empirically based on the point at which the External RNA Controls Consortium (ERCC) spike-ins at different concentrations were no longer distinguishable. Adjustment to the P values was made to account for multiple testing using the false discovery rate (FDR) method of Benjamini and Hochberg (5) . For all comparisons we chose 10% as our FDR threshold for statistical significance. As an empirical measure of the false discovery rate, we evaluated what proportion of the identical ERCC probe/concentration combinations (Set B) appeared in our list of differentially expressed genes. Similarly, we looked at a set of 13 putative housekeeping genes derived from a study of more than 13,000 rat samples (14) to have another estimate of our false discovery rate. The set of genes was Actb, B2m, Gapdh, Gusb, Hprt1, Hmbs, Hsp90b1, Rpl13a, Rps29, Rplp0, Ppia, Tbp, and Tuba1. For both of these sets of controls, we also estimated the fold change of each of the genes as a measure of the accuracy of the fold change estimates.
Based on our list of differentially expressed genes, canonical pathways were assessed for enrichment for each gene list produced (i.e., each gene list was separately analyzed for enriched pathways). We used Fisher's test for enrichment with a P Ͻ 0.01 for significance. Many pathways appeared in multiple gene lists so the significance of such pathways was computed by combining P values (across each gene list) using the method of Fisher. Novel networks were generated through the use of Ingenuity Pathways Analysis (Ingenuity Systems, http://www.ingenuity.com/), henceforth IPA, as previously described (31, 57, 58) . Finally, for the remaining data (i.e., non RNA-Seq) a one-way ANOVA with LSD post hoc was performed to examine the between-group differences for all descriptive variables, and statistical significance was declared at P Յ 0.05. 1 . Illustration of location of sampled vessels in the soleus muscle (top) and medial head of the gastrocnemius muscle (bottom). The soleus feed artery (SFA) is the last artery entering the mid-body of the muscle prior to the epimysium. The first artery under the epimysium is the first branch arteriole (1A) which gives rise to the second branch arteriole (2A, referred to in the text as the S2a); finally the 2A arterioles give rise to the third branch arterioles (3A). Similarly for the gastrocnemius muscle (bottom), the gastrocnemius feed artery (GFA) is the last artery entering the muscle and as it goes through the epimysium it becomes the 1A branch arteriole which gives rise to the second branch arteriole (2A) and finally the 2A arterioles give rise to the third branch arterioles (3A). In the gastrocnemius muscle the 2A arterioles near the bottom of the figure (near the knee in the animal) provide blood to the red portion of the muscle (RG2a in the text) while near the top of the figure (superficial portion of the muscle in the animal) the 2A arterioles provide blood to the white portion of the muscle (WG2a in the text of the paper).
RESULTS
Results characterizing the animals from which the arterioles were isolated are only summarized here because they have been reported previously (57) . Both exercise training programs produced decreased body weight (Sed 687 Ϯ 12 g, EX ϭ 592 Ϯ 11 g, SPRINT ϭ 589 Ϯ 13 g), % body fat (Sed 35 Ϯ 1, EX ϭ 25 Ϯ 1, SPRINT ϭ 27 Ϯ 1), and small decreases in absolute food intake but the food intake per day relative to body weight was similar in all three groups. Retroperitoneal, omental, and epididymal adipose tissue masses were also significantly less in both SPRINT and EX groups compared with sedentary animals. Heart weight-to-body weight ratios were significantly greater in EX and SPRINT groups due to differences in body weight as heart weights were similar across all three groups. Both SPRINT and EX training resulted in significant increases in citrate synthase activity in the red and white portions of the vastus lateralis muscle, establishing the effectiveness of the training programs. Total and HDL cholesterol levels were lower in both trained groups while LDL cholesterol was not different among the groups. Triglycerides and nonesterified fatty acid levels were lower in EX and SPRINT than in sedentary rats. Insulin (Sed 8.1 Ϯ 1.4 ng/ml, EX ϭ 4.1 Ϯ 0.5, SPRINT ϭ 3.9 Ϯ 0.6), HOMA-IR index, and % glycosylated hemoglobin (HbA1c) (Sed 7.2 Ϯ 0.3%, EX ϭ 5.4 Ϯ 0.1%, SPRINT ϭ 5.5 Ϯ 0.1%) were lower in both trained groups. Glucose levels (Sed 297 Ϯ 14 mg/dl, EX ϭ 247 Ϯ 27, SPRINT ϭ 209 Ϯ 10) were only significantly lower in the SPRINT vs. sedentary animals (57) .
For group comparisons reported involving soleus and gastrocnemius arterioles, the average ERCC Spike-in (Set B) empirical FDR was 2.6% at the FDR cutoff of 10% (mean fold ϭ 1.12), while for the putative housekeeping genes the average was 2.4% (fold ϭ 0.999). In their entirety these findings strongly support the methodology used because, on average, the fold changes for these controls are approximately equal to 1 and the empirical FDR is less than the target FDR (10%).
Effects of EX and SPRINT on gene expression FDR Ͻ 10%. Figure 2 presents results showing the number of genes in each type of arteriole from the gastrocnemius and soleus muscles whose expression was changed by EX and/or SPRINT training with FDR of 10%. The intersections show genes whose expression was changed by both EX and SPRINT. These results show that EX caused the largest number of changes in gene expression in S2a and WG2a arterioles with little to no changes in the GFA. In contrast, SPRINT caused substantial changes in gene expression in the SFA and GFA. Overall, based on our hypothesis, it was surprising that SPRINT caused so few changes in gene expression in the WG2a.
Results of ingenuity canonical pathway analysis of effects of EX and SPRINT. IPA analysis, used to evaluate the effects of EX and SPRINT on expression of genes in established canonical pathways (301 metabolic pathways and 341 signaling pathways), revealed that 18 pathways had significant changes in gene expression when analyzed across vessels, and 16 of 18 were signaling pathways. Based on past experience concerning known vascular cell signaling pathways that are altered by exercise training and results indicating pathways that have statistically significant changes induced by EX and/or SPRINT, we selected the following canonical pathways for further analysis: endothelin-1, eNOS, cellular effects of sildenafil, epithelial adherens junction, germ cell-sertoli cell junction, remodeling of epithelial adherens junctions, tight junction, STAT3, protein kinase A, production of NO and ROS, calcium, AMPK, gap junction, actin cytoskeleton, glucocorticoid receptor, NRF2-mediated oxidative stress responses, PLC, protein ubiquitination pathway, regulation of Stathmin1, T2D, hepatic fibrosis, insulin receptor signaling, and WntI2-catenin signaling pathways. Results indicate that some pathways contained substantial numbers of genes with changes in expression across many of the arteries examined. For example, the Actin Cytoskeleton Signaling pathway (Table 1) contained a number of genes that exhibited altered expression levels in EX and/or SPRINT relative to sedentary OLETF rats. Many genes coding for contractile and/or structural proteins were increased by EX and SPRINT in the GFA but exhibited decreased expression in the RG2a arterioles (Table 1 ). For example, Myh4 gene (myosin, heavy chain 4, skeletal muscle) expression was increased by 1.79-and 7.87-fold in the GFA of EX and SPRINT, respectively, whereas expression of this same gene was decreased in the RG2a and S2a with no change in SFA or WG2a with EX and SPRINT. Similarly, Actc1 expression was increased in the GFA of EX and SPRINT but decreased in the RG2a and S2a with no change in SFA or WG2a. These results indicate that the adaptations to both SPRINT and EX ongoing in the GFA were dramatically different from those in other arterioles in the vasculature of the gastrocnemius muscle and soleus muscle.
Although not part of the actin cytoskeleton pathway, tubulin, beta 2A class IIa and tubulin, beta 2B class IIb (Tubb2a and Tubb2b, respectively) were increased from 1.3-to 1.9-fold in all gastrocnemius and soleus arterioles by both EX and SPRINT. Tubb 3 (tubulin, beta 3 class III) exhibited increased expression in SFA and WG2a of SPRINT rats and Tubb 4 (Tubulin, beta 4B class IVb) expression was increased 1.4-fold in GFA by SPRINT. Products of tubulin genes are believed to be important in gap junction signaling and in formation of cyto-architecture. Two other genes of interest relative to structural adaptation that exhibited increased expression with exercise training are ankyrin repeat domain 23 (Ankrd23) whose expression was increased by SPRINT in GFA (19.6 fold) and WG2a (1.4 fold) but decreased in RG2a; and mRNA for actin-binding Rho activating protein (Abra) was increased (6.9 fold) in GFA of SPRINT rats.
In contrast to differential effects of training on gene expression of the Actin Cytoskeleton Signaling pathway across different skeletal muscle arterioles, some genes in this pathway exhibited more uniform changes in expression across all five artery samples. For example, SHC transforming protein 1 (Shc1), a growth factor, exhibited similar increases in expression across all five artery samples (some significant increases, some not) with EX (Table 1) . Of interest, SPRINT did not significantly alter Shc1 expression in GFA, SFA, or WG2a suggesting that EX increases expression of Shc1 more consistently in skeletal muscle arterioles than does SPRINT. Shc1 is also a component of other IPA canonical pathways examined including ET-1 signaling, insulin receptor signaling, integrin signaling, PLC signaling, PPAR-signaling, renin-angiotensin and the VEGF signaling pathways. Thus it is not possible at this time to determine for which pathway increased Shc1 expression is most important.
The canonical signaling pathway exhibiting the largest number of genes whose expression was changed by EX and/or SPRINT is the protein kinase A signaling pathway ( Table 2) . As was true of other pathways, the expression of some genes in the protein kinase A signaling pathway was increased across all arteries by EX and SPRINT, some are decreased across all arteries, and some show differential responses to exercise training. Examples of genes in this pathway whose expression was increased by EX and/or SPRINT across all arteries are Desert Hedgehog (Dhh), Adenylate cyclase 4 (Adcy4), and an inhibitor of NF-kappa-B (Nfkbia).
The endothelin-1 signaling pathway (Table 3 ) also contained a number of genes showing altered expression due to EX and/or SPRINT in some cases in all arterioles examined and in others only in select arterioles. Expression of G proteincoupled receptor binding protein (G protein), alpha transducing activity polypeptide 1 (Gnat1) shows increased expression in GFA, RG2a, WG2a, and SFA with EX and SPRINT. EX-S2a arterioles also show increased expression of Gnat1, but there was no change in SPRINT-S2a arterioles. EX and/or SPRINT also increased expression of endothelin converting enzyme (Ece1) in GFA, S2a, SFA, and WG2a. Of interest, MAPK6 (Mapk6), which is activated following insulin stimulation, showed decreased expression or no change in expression across all five arterioles/arteries with both EX and SPRINT. Myelocytomatosis oncogene (Myc) expression is not altered by EX or SPRINT in the GFA, RG2a, or WG2a arterioles but is increased ϳ2-fold in the SFA and S2a by both EX and SPRINT. Also, calsequestrin 1 (Casq1) expression was decreased in RG2a, WG2a, SFA, and S2a by both EX and Venn diagrams illustrating the number of genes whose expression was altered by endurance exercise (EX) and by interval sprint training (SPRINT) in various arterioles from gastrocnemius (panels on the left) (RG2a, WG2a, and GFA) and soleus (S2a and SFA) muscles as defined in the text. Red font indicates upregulated genes and green font downregulated genes relative to expression in sedentary rats. Overlapping area represents genes whose expression was changed by both EX and SPRINT.
SPRINT, but Casq1 expression did not change in the GFA with EX and increased expression sixfold in SPRINT. Because we previously observed exercise training induced changes in eNOS (Nos3) expression (41-45), we examined the eNOS Signaling pathway (Table 4 ). Nos3 mRNA expression was significantly increased only in RG2a by SPRINT and in the WG2a by EX, and Akt1 expression was increased by EX in WG2a. EX and SPRINT increased expression of heat shock proteins Hspa5 and Hsp90b1 as both were increased in RG2a, WG2a, SFA, and S2a, and Hspa5 was increased in GFA by SPRINT. Also, PKG1 (Prkg1) showed decreased expression in S2a, SFA, with both EX and SPRINT, while WG2a showed decreased PKG1 expression with EX. Expression of the phosphoinositide-3-kinase subunit 6 (Pik3r6) was increased in GFA, SFA, and S2a with both EX and SPRINT while only EX increased expression of this gene in WG2a. Protein kinase, cAMP-dependent, regulatory, type 1 alpha (Prkar1a) exhibited increased expression in GFA and SFA of both EX and SPRINT rats. EX also increased expression of Prkar1a in the WG2a. In the Production of NO and ROS canonical signaling pathway, Rhoa and Rhott (RAS homolog family member T2) showed increased expression in SFA and S2a with both EX and SPRINT (Table 5 ). Thus these results indicate that both EX and SPRINT increase expression of genes involved in production of, and signaling by, NO in the skeletal muscle arterioles, but these changes are not uniform across arterioles. Also, caveolin 1 (Cav1) expression was increased 1.4-fold in the GFA of SPRINT rats. This is striking in that this gene is highly expressed in GFA of sedentary OLETF rats. Of interest, a member of the VEGF signaling pathway, Bcl2l1, exhibited increased expression in all of the arterioles of SPRINT rats whereas expression of this gene was increased only in the S2a and SFA of EX rats.
Because the Nrf2 mediated oxidative stress response canonical pathway was significantly affected by EX and SPRINT and because Nrf2 (a nuclear transcription factor that enhances antioxidant defenses and counteracts oxidative stress) is considered to attenuate cardiovascular disease (59), we analyzed the effects of EX and SPRINT on this canonical pathway. As shown in Table 6 , the expression of a number of these genes was decreased in the soleus (S2a and SFA) with little effect on gene expression in the gastrocnemius arterioles. Expression of the FK506 binding protein that works with glucocorticoid receptors (Fkbp5) was increased in all skeletal muscle arterioles. Among the genes in the hypoxia signaling pathway, small ubiquitin-like modifier 1 (Sumo1) showed decreased expression in S2a, SFA, and WG2a of EX and SPRINT trained rats but exhibited increased expression in SPRINT-RG2a.
Both EX and SPRINT altered the expression of a number of genes in the Protein Ubiquitination Pathway (Table 7) . It is of interest that the SFA (18 genes), S2a (34 genes), and WG2a (22) showed greater numbers of ubiquitination pathway genes with altered expression in EX and SPRINT groups than did the GFA (7 genes) and RG2a (14 genes) ( Table 7) . Equally interesting is the observation that EX induced greater alteration of expression of ubiquitination pathway genes in S2a (22 genes) and WG2a (15 genes) than did SPRINT in S2a (12 genes) and WG2a (7 genes). EX resulted in decreased expres- Results of IPA analysis to evaluate the effects of EX and SPRINT on expression of genes in the actin cytoskeleton signaling canonical pathway. Results are expressed as fold change for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. Thus any entry that is Ͼ1.00 (italic font) reflects a gene with increased expression and any entry that is Ͻ1.00 (nonitalic font) reflects a gene with decreased expression. The * indicate a value that is significantly changed relative to sedentary OLETF rats (P Ͻ 0.01). The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) gene bank and defined therein.
sion of 18 genes in the ubiquitination pathway in S2a and decreased expression of 13 genes in this pathway in WG2a. SPRINT also primarily resulted in decreased expression of genes in this pathway vs. increased expression. There were 12 genes coding for proteins in the proteasome complexes that exhibited altered expression in EX and/or SPRINT (Table 7) . Of interest, expression of these genes in the skeletal muscle arterioles was either decreased or not changed in 11 of these genes, only Psmd5 (proteasome 26S subunit, non-ATPase 5) exhibited increased expression in the S2a and SFA of SPRINT and in the SFA of EX (the WG2a-EX and -SPRINT and S2a-EX exhibited increased expression but P Ͼ 0.05). It is apparent in Table 7 that these changes in proteasome complexrelated genes appeared more prominent in the WG2a, S2a, and SFA than in the GFA and RG2a. Consistent with this observation, IPA analysis determined that the Protein Ubiquitination Pathway was a top canonical pathway in the WG2a and S2a of EX rats. Ubd expression was decreased by EX and SPRINT in all arterioles studied. Cul1 expression was decreased in RG2a by both EX and SPRINT and in S2a by SPRINT.
The WntI2-catenin Signaling pathway analysis revealed decreased expression of Ubd, a gene coding for protein involved in antigen processing and presentation (FAT10) for activating NF-kB. Ubd is decreased in all arteries by both EX and SPRINT. Myc expression was increased by EX and SPRINT in SFA and S2a. Expression of frizzled related protein (Frzb), a G protein-coupled receptor for Wnt signaling, was decreased in GFA by SPRINT as was frizzled family receptors 1 (Fzd1) and 8 (Fzd8) . Similarly, in the SFA SPRINT exhibited decreased expression of Sfrp2 (secreted frizzled-related protein 2). WNT1 inducible signaling pathway protein (Wisp2) was increased in GFA, RG2a, SFA, and S2a by SPRINT. EX also increased Wisp2 in GFA, RG2a, and SFA and Wisp1 in S2a. Also, casein kinase 1, gamma 1 (Csnk1g1) exhibited decreased expression in SFA but increased expression in the S2a of EX and SPRINT rats. Results of IPA analysis to evaluate the effects of EX and SPRINT on expression of genes in this IPA canonical signaling pathway. Results are expressed as fold change for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. Thus, any entry that is Ͼ1.00 (italic font) reflects a gene with increased expression and any entry that is Ͻ1.00 (nonitalic font) reflects a gene with decreased expression. Value ϭ 1 (boldface) reflects no change in expression. The * indicate a value that is significantly changed relative to sedentary OLETF rats (P Ͻ 0.01). The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) gene bank and defined therein.
In summary, canonical signaling pathway analysis revealed that EX induces increased expression of the following genes in all arteries examined: Shc1, desert hedgehog protein (Dhh), adenylate cyclase 4 (Adcy4), G protein binding protein, alpha (Gnat1), and Bcl2l1, a protein that is a member of the VEGF signaling pathway. Also, EX induced decreased expression of ubiquitin D (Ubd) and cAMP response element modulator (Crem) in all five skeletal muscle arteries examined. EX increased expression of endothelin converting enzyme (Ece1), Hsp90b, Fkbp5, and Cdcl4b in four arterioles. Based on canonical signaling pathway analysis, SPRINT had similar effects on expression of Crem, Dhh, Bcl2l1, and Ubd in all arterioles examined. In addition SPRINT increased expression of Nfkbia, Hspa5, Tubb 2a and Tubb 2b, and Fkbp5 in all five skeletal muscle arterioles and increased expression of Gnat1 in all but the S2a arterioles. Expression of genes considered markers of development of atherosclerosis was also influenced by exercise training. For example, vascular cell adhesion molecule 1 (VCAM1) expression was decreased 50% by EX in GFA.
Exercise training induces differential changes in gene expression across skeletal muscle arterioles. Consideration of how phenotype is changed in the different skeletal muscle arteries/arterioles by EX and SPRINT as reflected in our entire data set provides some interesting observations. For example, the GFA exhibits SPRINT-induced changes in expression of a number of genes related to the contractile component of smooth muscle including myosin-related genes as shown in the center of Fig. 3 [Myo1a, Myh2, Myh3, Myh4, Myf6, Myl1, Myl3, Mylip, Mylpf, Myom2, Mybpc2, Myot (myotilin, a sarcomeric protein that binds to alpha-actinin at the Z-Line)], actin-related genes [Xirp2, Acta1, Actc1, Actn3, Myoz1 (Myozenins, may serve as intracellular binding proteins involved in linking Z-disk proteins such as alpha-actinin, gamma-filamin)], troponin (Tnnc2, Tnni2, Tnnt2), and tubulinrelated genes (Tubb2a, Tubb2b, Tubb4). Also shown in Fig. 3 , SPRINT altered expression of other genes related to structure of the artery including collagen (Col5a3, Col3a1, Col1a2, expression decreased), Plod3, Has2 (hyaluronan synthase-2), TIMP metallopeptidase inhibitor 2 (Timp2), and genes that Results of IPA analysis to evaluate the effects of EX and SPRINT on expression of genes in this IPA Canonical pathway. Results are expressed as fold change for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. Thus, any entry that is Ͼ1.00 (italic font) reflects a gene with increased expression and any entry that is Ͻ1.00 (nonitalic font) reflects a gene with decreased expression. Value ϭ 1 (boldface) reflects no change in expression. The * indicate a value that is significantly changed relative to sedentary OLETF rats (P Ͻ 0.01). The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) gene bank and defined therein. Results of IPA analysis to evaluate the effects of EX and SPRINT on expression of genes in this IPA canonical pathway. Results are expressed as fold change for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. Thus, any entry that is Ͼ1.00 (italic font) reflects a gene with increased expression and any entry that is Ͻ1.00 (nonitalic font) reflects a gene with decreased expression. The * indicate a value that is significantly changed relative to sedentary OLETF rats (P Ͻ 0.01). The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) gene bank and defined therein. may signal vascular remodeling including Ankrd23 and Abra. Last, Fig. 3 shows that SPRINT also altered expression of ion channels in GFA including sodium channel, voltage-gated, type IV, beta subunit (Scn4b); potassium inwardly rectifying channel, subfamily J, member 11 (Kenj11); potassium voltagegated channel, shaker-related subfamily member 5 (Kcna5); potassium intermediate/small conductance calcium-activated channel, subfamily N, member 4 (Kcnn4); anoctamin 1, cal- Results of IPA analysis to evaluate the effects of EX and SPRINT on expression of genes in this IPA canonical pathway. Results are expressed as fold change for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. Thus, any entry that is Ͼ1.00 (italic font) reflects a gene with increased expression and any entry that is Ͻ1.00 (nonitalic font) reflects a gene with decreased expression. The * indicate a value that is significantly changed relative to sedentary OLETF rats (P Ͻ 0.01). The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) gene bank and defined therein. Results of IPA analysis to evaluate the effects of EX and SPRINT on expression of genes in this IPA canonical pathway. Results are expressed as fold change for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. Thus any entry that is Ͼ1.00 (italic font) reflects a gene with increased expression and any entry that is Ͻ1.00 (nonitalic font) reflects a gene with decreased expression. The * indicate a value that is significantly changed relative to sedentary OLETF rats (P Ͻ 0.01). The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/) gene bank and defined therein. cium activated chloride channel (Ano1); gap junction protein, alpha 5 (Gja5); sodium channel and calthrin linker 1 (Sclt1); potassium channel tetramerization domain containing 3 (Kcdt3); and transient receptor potential cation channel, subfamily V, member 4 (Trpv4) (Fig. 3) .
Comparison of the pattern of changes in gene expression in the GFA and RG2a as shown in Fig. 3 indicates that SPRINT induced a much different pattern of gene expression changes in RG2a than that seen in GFA. Thus while SPRINT altered expression of a number of genes related to the contractile component of smooth muscle, SPRINT induced decreased expression of the actin-related, arterial structure-related genes, myosin-related, and Tnn-related genes, just the opposite of changes induced by SPRINT in GFA (Fig. 3) . In the RG2a SPRINT decreased expression of Abra and Ankrd23 (Fig. 3) . In WG2a there were little to no changes in the expression of these genes and although SPRINT did not alter expression of collagen genes in the WG2a, expression of fibronectin type III and SPRY domain containing 2 (Fsd2) genes were decreased (Fig. 3) . SPRINT also increased expression of Ankrd23 in WG2a but did not alter expression of Abra, and there were no significant changes in expression of mRNA for myosin-related, actin-related, or troponin-related proteins in the WG2a (Fig. 3) . In the RG2a SPRINT decreased expression of Abra and Ankrd23 (Fig. 3) .
SPRINT also altered expression of ion channels in RG2a and WG2a skeletal muscle arterioles (Fig. 3) . Although the patterns of SPRINT-induced changes in ion channel gene expression was clearly different among the GFA, RG2a, and WG2a arterioles, the differences were not as great as for genes coding for contractile/structural proteins (Fig. 3) . SPRINT caused similar effects on expression of genes coding for signaling pathways and Mapk genes of the GFA, RG2a, and WG2a (Fig. 3) . Importantly, in RG2a SPRINT had no effect on the expression of RNA for the potassium channels whose expression was altered by SPRINT in the GFA. Thus, while SPRINT altered expression of 368 genes in RG2a, 247 genes in the GFA, and 147 genes in the WG2a, the phenotypic effects of SPRINT on these three vessels is quite different (Fig. 3 ). These results demonstrate that SPRINT induced different phenotypic changes in these three different arteries of the gastrocnemius muscle. The differ- (Fig. 3) . Figure 3 also illustrates the observation that the phenotypic effects of SPRINT were also different in arterioles of the soleus muscle than in the gastrocnemius muscle, and overall the magnitude of changes in gene expression was less in soleus arterioles than in gastrocnemius. The SFA exhibited SPRINTinduced changes in expression of 513 genes, yet there was only one myosin-related gene whose expression was altered in the SFA [myosin regulatory light chain interacting protein (Mylip) expression was decreased]. Also, SPRINT did not alter the expression of any SFA actin-related genes. SPRINT decreased expression of one troponin gene (Tnnt2), but increased expression of tropomyosin (Tpm4), and of tubulin-related genes (Tubb3, Tubb6, Tubb2a, Tubb2b, Tubb5) in SFA. SPRINT also decreased expression of collagen genes in SFA (Fig. 3) and of matrix metallopeptidase 15 (Mmp15); but increased expression of heparanase (Hpse). These gene expression changes are dramatically different from those seen in the GFA and suggest limited or different structural vascular remodeling is ongoing in SFA vs. GFA. SPRINT also altered expression of ion channels in SFA differently than in GFA. SPRINT altered the expression of the following channel-related genes in SFA: potassium voltage-gated channel 1 (Kcna1); potassium intermediate/small conductance calcium-activated channel, subfamily N, member 4 (Kcnn4); calcium channel, voltage-dependent, beta 4 subunit (Cacnb4); gap junction protein, alpha 5 (Gja5); sodium channel and calthrin linker 1 (Sclt1); and transient receptor potential cation channel, subfamily V, member 2 (Trpv2). Figure 3 also illustrates the observation that SPRINT produced a pattern of gene expression changes in the S2a that were similar to those in the RG2a discussed above. Figure 4 presents results for the effects of EX on expression of the same groups of genes summarized for SPRINT in Fig. 3 . Comparison of these two figures reveals that EX has less effect on gene expression in the GFA than did SPRINT. In contrast, the patterns of gene expression changes in RG2a and WG2a are similar between EX and SPRINT, with decreased expression of actin-, myosin-, and Tnn-related genes in the RG2a (Figs. 3  and 4) . EX resulted in similar changes in gene expression in the S2a as in the RG2a (Fig. 4) as was true for SPRINT (Fig. 3) . In the SFA, EX produced larger decreases in expression of some myosin-related genes but otherwise the patterns of change in SFA gene expression was similar with EX and SPRINT (Figs. 3 and 4) .
Analysis of results also revealed that a family of genes, the solute carrier group of membrane transport proteins (Slc), had a number of genes whose expression was altered differentially by EX and SPRINT. Results indicate that expression of 53 Slc genes was altered by EX and/or SPRINT ( Table 8) . As can be appreciated from Table 8 , EX and SPRINT induced similar numbers of changes in Slc gene expression (EX: 22 increased and 22 decreased; and SPRINT: 19 increased and 22 decreased). However, the patterns of changes were not the same for EX and SPRINT. EX produced the greatest changes in Slc gene expression in the smaller arterioles S2a (8 increased and 12 decreased), RG2a (3 increased and 9 decreased), and WG2a (8 increased and 3 decreased) whereas SPRINT had the greatest effects on GFA (4 increased and 4 decreased), RG2a (3 increased and 9 decreased), and SFA (8 increased and 4 decreased). The genes whose expression was most influenced by EX/SPRINT were Slc9a3r2 with changes in four of five arterioles (increased in all but the S2a by both SPRINT and EX) and Slc7a6 with increases in three of five arterioles (increased by both EX and SPRINT in RG2a and SFA, and increased in S2a by EX). Another interesting observation is that six of the mitochondrial transport genes were changed in four of five arteriole samples (none of these genes had altered expression in the WG2a) and expression of nearly all of these genes was decreased (one exception was Slc25a24 which increased in S2a-EX and decreased in GFA-SPRINT). Slc25a25 exhibited decreased expression in GFA, RG2a, and S2a with EX and in RG2a with SPRINT (Table 8) .
DISCUSSION
This study was designed to determine the effects of EX and SPRINT training on the transcriptome of skeletal muscle arterioles of OLETF rats, a model of T2D. Understanding exerciseinduced alterations in the phenotype of arterioles and/or arteriolar vascular cells is one key to establishing mechanisms responsible for the beneficial effects of exercise in prevention and treatment of T2D. Based on our current knowledge, we hypothesized that the greatest effects of exercise training would be on the transcriptome of gastrocnemius arterioles. This expectation was based on the idea that shear stress at the vessel wall caused by blood flow during exercise training bouts is a major signal for changes in gene expression. We measured the impact of EX and SPRINT on vascular gene expression profiles in three arteries/arterioles supplying the gastrocnemius muscle and two arteries/arterioles supplying the soleus muscle using transcriptome-wide RNA-Seq analysis to comprehensively characterize vascular adaptations. Results do not support our hypothesis as the S2a's had the greatest number of changes in gene expression. Results also indicate that the effects of EX and SPRINT on gene expression patterns in the skeletal muscle arteriolar network are complex and spatially nonuniform within and among skeletal muscles.
SPRINT effects are different across skeletal muscle arteries/ arterioles: gastrocnemius arteriolar tree. As shown in Fig. 3 , results indicate that SPRINT training had the greatest effects on expression of GFA genes coding for structural/contractile proteins with additional effects on signaling pathways/ genes in the GFA. Consistent with this conclusion, IPA Network analysis revealed that the Organ Morphology: Skeletal Muscular System Development and Function networks (score 43) (Fig. 5) and the Cellular Development, Embryonic Development (score 15) networks were the top networks for GFA. Figure 5 illustrates the large number of contractile protein genes exhibiting increased expression in the GFA (red symbols). Canonical pathway analysis also indicated that the Actin Cytoskeleton Signaling pathway (Table 1) and Epithelial Adherens Junction Signaling pathways were among the top pathways influenced in GFA by SPRINT. Evidence that SPRINT also altered vascular control pathways in the GFA is apparent in the fact that calcium signaling pathways and NO-related pathways were also among the top canonical pathways affected.
In contrast to the SPRINT-induced phenotypic changes in GFA, WG2a exhibited modest or no changes in expression of genes coding for structural/contractile proteins. The WG2a exhibited SPRINT-induced changes in expression of genes Signaling & Mapk coding for ion channels and signaling pathways (Fig. 3) . IPA canonical pathway analysis revealed that none of the top canonical pathways altered by SPRINT in the GFA were among the top pathways in the WG2a demonstrating that SPRINT had different effects on the transcriptome of GFA than of WG2as. The WG2a top canonical signaling pathways changed by SPRINT included: Semaphorin Signaling in Neurons, NRF2-mediated Oxidative Stress, Glucocorticoid Receptor Signaling, and Axonal Guidance Signaling. SPRINT also altered expression of genes coding for proteins involved in Cell-Cell signaling, Cellular Growth and Proliferation in the WG2a to a lesser extent than in the GFA in that there were 5 to 10 molecules/pathway with altered expression in the GFA but only 1 to 2 in the WG2a. In the WG2a of SPRINT animals IPA Network analysis indicated that the top network was Cell Death and Survival, Gene Expression, Cellular Movement (score 6). Overall the data indicate that the genes showing the greatest changes in expression in the WG2a are not generally altered in the GFA, and contrary to our hypothesis, SPRINT had greater effect on gene expression in the GFA than in WG2a.
The pattern of alterations in gene expression produced by SPRINT in the RG2a also differed from the GFA, and the magnitude of fold changes in genes coding for structural/ contractile proteins is substantially less in RG2a (Fig. 3) .
Comparison of the patterns of gene expression changes shown in Fig. 3 reveals that SPRINT caused RG2a to exhibit changes in gene expression in the Actin Cytoskeleton Signaling pathway (Table 1) and Epithelial Adherens Junction Signaling pathways that were in the opposite direction from those in GFA. Further, IPA Network analysis revealed that the Organ Morphology: Skeletal Muscular System Development and Function network (score of 57) and the Cardiovascular Disease, Ophthalmic Disease, Organ Morphology Networks were the top networks for RG2a. Figure 3 illustrates that many genes coding for contractile proteins exhibit decreased expression in RG2a, a much different pattern of altered gene expression than that seen in the GFA (Figs. 3 and 5) . Overall, the genes whose expression were changed by SPRINT are not the same in RG2a and GFA [e.g., SPRINT increased expression of Myh1 (30-fold), Myh2 (22-fold), and Tnnt2 (14-fold) in the GFA but decreased expression of Myh1 (14-fold), Myh2 (11-fold), and Tnnt2 (10-fold) in the RG2a]. Also, SPRINT increased expression of Nos3 (codes for eNOS protein) in the RG2a, not the GFA. Consistent with this observation, SPRINT also increased EDD in RG2a, not GFA (48) .
Previous vasomotor function results indicated that SPRINT induced greater changes in WG2a and RG2a signaling pathways than in GFA. Results obtained from matched arterioles of the same rats reveal that acetylcholine (ACh)-induced EDD was increased by SPRINT in the RG2a and insulin-induced EDD was significantly increased in the WG2a (following endothelin receptor blockade) (48) . In contrast, in the GFA, SPRINT did not alter insulin-induced EDD and only modestly increased maximal ACh-induced EDD.
Comparison of effects of SPRINT on soleus and gastrocnemius muscle arteries/arterioles. SPRINT had different effects on phenotype of soleus arterioles from those in the gastrocnemius muscle. As can be seen in Fig. 3 , the top canonical pathways altered by SPRINT in the SFA were different from the top canonical pathways altered in the GFA. Of interest the Glucocorticoid Receptor Signaling and NRF2-mediated Oxidative Stress Response pathways were two of the top canonical pathways altered by SPRINT in the SFA, not the GFA. The only canonical pathway altered by SPRINT in both SFA and GFA was the Epithelial Adherens Junction Signaling pathway. IPA Network analysis confirms that SPRINT alters the expression of genes differently in the GFA than in the SFA. Figure 3 also illustrates the fact that the effects of SPRINT on canonical signaling pathways in the S2a are different from the RG2a and WG2a arterioles. The expression of a large number of genes associated with development, growth, proliferation, cell maintenance, and cell death and survival were changed by SPRINT in S2a's. IPA Network analysis of S2a indicates that SPRINT alters the Developmental Disorder, Hereditary Disorder, Metabolic Disease Network (score 34), and Cell Death and Survival, Cell-cell signaling Network (score 28). Thus SPRINT alters structural networks in S2a, as it does in the other skeletal muscle arterioles, but not the same networks, and most genes with SPRINT-induced altered expression in S2as are not altered in RG2a or WG2a. Previous results demonstrated that SPRINT did not alter ACh-induced or insulin-induced EDD in SFA (48) . Thus available transcriptome and vasomotor function results support the hypothesis that SPRINT has different phenotypic effects throughout the arteriolar circulation of the gastrocnemius and soleus muscles of OLETF rats.
Effects of SPRINT are different from effects of EX across skeletal muscle arteries/arterioles. EX training altered the expression of a smaller number of genes than did SPRINT in every arteriole examined except for the WG2a. There were not enough genes with altered expression in the GFA of EX rats to support IPA Network analysis. In the RG2a IPA canonical pathway analysis indicated that EX altered NF-kB signaling (Table 6 ), Antiproliferative role of TOB in T cell signaling, TNFR2 signaling, 4-1BB signaling in T lymphocytes, and Sonic Hedgehog signaling. The molecular and cellular functions that are modulated by genes with EX-induced alterations in gene expression in RG2a included cell death, survival, movement, development, growth and proliferation as well as posttranslational modification. IPA Network analysis indicated that the Cell Cycle, Cell Death and Survival Network (score 31) was modified by EX in RG2a. In contrast to the RG2a arterioles, the WG2a from the EX group had more genes with altered expression than did WG2a of SPRINT. There was little evidence of changes in structural/contractile protein gene ex- For example note in the middle panel how gene expression is increased in GFA for actin-related, myosin-related, and troponin (Tnn) genes whereas expression of these same genes is decreased in the RG2a and S2a and relatively unchanged in the SFA and WG2a.
Actin related (Fig. 3) whereas the effects of SPRINT on the GFA are much different from those of EX. Effects of exercise on expression of genes coding for solute carrier transporter proteins. Results are reflected as increased expression (upward arrow) or decreased expression (downward arrow). Only significant differences are shown (P Ͻ 0.01) for the EX (OE) or SPRINT (OI) values relative to that of the sedentary OLETF value for that sample. The Symbol and Gene IDs are from the National Center for Biotechnology Information (NCBI) (http:// www.ncbi.nlm.nih.gov/) gene bank and defined therein. tion (score 37), Cell Death and Survival, Hereditary Disorder, Neurological Diseases (score 34) and Cellular Morphology, Cellular Movement, Cell-Cell Signaling and Interaction Networks (score 21). Overall the data indicate that the genes showing the greatest changes in expression in the WG2a of EX are much different than those seen in WG2a of SPRINT rats. IPA Network analysis revealed that none of the top canonical pathways altered in the GFA by EX were among the top pathways in the WG2a. Also, Table 7 illustrates the central role UBC and protein ubiquitin proteasome systems seem to play in the EX-induced adaptive changes in gene expression in the WG2a. IPA Network analysis indicates that Protein Ubiquitination Pathway was a top canonical pathway in both the WG2a and S2a of the EX rats.
EX caused changes in a much larger number of genes (encompassing contractile, structural, and signaling pathway proteins) than did the other arterioles as EX increased expression of 355 genes and decreased expression of 420 genes in the We previously examined exercise training-induced structural vascular adaptation in normal rats (7, 20, 21, 40) and found that model analysis indicated that structural arteriolar adaptations create a major portion of the exercise traininginduced increased blood flow capacity in gastrocnemius muscle. Structural arteriolar remodeling is the primary adaptation in gastrocnemius muscle with SPRINT, and structural vascular adaptation occurs to a greater extent in the larger arterioles of the gastrocnemius (7, 20, 21, 40) . Present results are consistent with this hypothesis, in that the GFA appeared to have a predominance of increased gene expression associated with structural remodeling while RG2a showed nearly opposite changes in expression of structural adaptive genes than GFA (Fig. 3) . The current data set cannot fully evaluate the hypothesis that structural adaptation occurs more in larger arterioles because we only studied 2a arterioles in the present study. However, the analysis of Binder et al. (7) indicated that after SPRINT, flow through 2a arterioles is substantially greater than in 2a arterioles of sedentary muscle and that although 2a arteriolar diameter tended to increase in SPRINT (figure 1 of Binder et al.) there was no significant difference in diameter (7). These observations suggest that SPRINT may increase EDD in RG2a and WG2a arterioles as a result of increased shear through these arterioles and that SPRINT does not alter EDD in other arteries because flow through the other arteries is not adequately altered during SPRINT training bouts. If increased blood flow during exercise is a primary signal for vascular adaptations, one would expect greater changes in gene expression in the artery that is exposed to greater increases in blood flow (i.e., RG2a and WG2a) and not vice versa. Indeed, vasomotor function of the GFA, RG2a, and WG2a appears to be more amenable to exercise training than the SFA (4, 28, 48) . In particular, previous studies from our group have shown that OLETF rats given access to voluntary running wheels exhibit improved EDD in the GFA, but not SFA (4). Earlier work in lean healthy rats also demonstrated a lack of exercise traininginduced change in EDD in the SFA (28) . Likewise, our recently published data from the present group of rats indicates that treadmill EX and SPRINT increased ACh-induced EDD in the RG2a and that EX increased ACh-induced EDD in WG2a and that SPRINT increased insulin-induced EDD in WG2a; whereas, exercise-induced changes were not observed in the SFA (48) . Previous results also indicated that EX and SPRINT improved insulin-induced EDD by decreasing endothelin-1-mediated constriction signaled by insulin (4, 48, 53) . The decreased expression of Mapk6 (Table 3) in most arterioles may contribute to this decreased endothelin-1 signaling as this gene codes for a MAPK6 protein that is activated by insulin, leading to endothelin-1 production.
Vascular rarefaction, angiogenesis, and vascular remodeling. Microvascular rarefaction (decreased numbers of microvessels) is a key pathogenic effect of T2D in skeletal muscle which may contribute to one of the most devastating effects of T2D, limited arteriogenesis and angiogenesis and blunted formation of collateralization in response to peripheral ischemia (16 -18) . Although Frisbee (16, 18) demonstrated in another rat model of T2D that exercise can prevent the development of microvascular rarefaction in gastrocnemius muscle, as have others (35, 36) , mechanisms whereby exercise restores arteriogenic capacity in T2D are poorly understood. We examined our data base for evidence of altered expression of genes believed to code for proteins that are proangiogenic. Results indicate that SPRINT and/or EX caused increased expression of Bcl211 (which codes for a member of the VEGF signaling pathway) in arterioles. Also, results demonstrate that Andrd23 expression is increased in GFA, WG2a, and SFA by SPRINT and in WG2a by EX. Ankrd23 is a member of a conserved family of genes characterized by the presence of four ankyrin repeats harboring a binding site to the N2A region of the giant protein titin (19, 47) . Ankrd1 was the first ankyrin repeat protein to be discovered and is predominately expressed in cardiac muscle (54) . Ankrd2 is predominately expressed in skeletal muscle. Ankrd1 and Ankrd2 are known as muscle stretch proteins in cardiac and skeletal muscle that are induced under stress conditions and are proposed to have gene expression regulatory functions (37, 47) . Thus Ankrd1 and Ankrd2 appear to serve as both nuclear transcriptional regulators, forming molecular links between myofibrillar stretch-induced signaling and muscle gene expression, and as structural proteins along with titin and contractile proteins. Ankrd23 was discovered in 2003 as a novel protein expressed in muscle and adipose tissue of diabetic mice (27) . Obese Zucker rats also exhibit increased expression of Ankrd23 in cardiac and skeletal muscle (27) . Given this literature we propose that Ankrd23 may serve as a muscle stretch sensing protein in vascular smooth muscle much like Ankrd1 and Ankrd2 do in striated muscle, and thereby participates in control of vascular gene expression in vascular remodeling. Expression of Abra, the gene coding for actin-binding Rho-activating protein, was also increased in GFA by SPRINT. ABRA (aka STARS) is a transcription activator of PGC1␣ and SRF that shifts skeletal muscle gene expression toward higher oxidative metabolism. It may also participate in signaling vascular remodeling in the GFA in response to SPRINT. Future research is needed to test the hypothesis that Ankrd23 and/or Abra play important roles in controlling vascular gene expression during exercise training-induced vascular adaptation in skeletal muscle vasculature.
A number of the pathways and networks altered by EX and/or SPRINT provided evidence of the involvement of the ubiquitin and ubiquitin-like proteins which can control many processes in the cell (63) . For example EX decreased expression of Ubd in all arterioles examined, and many genes coding for proteins in the ubiquitin-proteasome system (UPS) were decreased in OLETF rat arterioles by EX and SPRINT (Table  7) . Of interest, UBC was increased by obesity in SFA and GFA, and present results indicate that exercise may reverse these effects of obesity (31) . We are not aware of other studies of the effects of exercise on expression of the UPS in skeletal muscle arterioles. However, Cunha et al. (13) reported that moderate exercise training attenuated skeletal muscle protea-some activity in parallel with improved aerobic capacity in mouse and human skeletal muscle. Also, Cullin 1, whose expression was significantly decreased by EX and SPRINT in a number of arterioles, is a core component of multiple cullin-RING-based E3 ubiquitin-protein ligase complexes, which mediate the ubiquitination of proteins involved in cell cycle progression, signal transduction, and transcription. These changes, if associated with comparable changes in protein content, may contribute to structural vascular adaptation. Also, available evidence is consistent with the conclusion that UPS is a modulator of endothelial function both by modulating eNOS expression and by phosphorylation of eNOS (63, 64) . In addition there is evidence that UPS controls availability of cofactors and proteins involved in eNOS activation and modulates endothelium-derived contracting factors through oxidative stress. These results indicate that research is required to determine whether UPS plays a key role in decreasing the contribution of NO and increasing the contribution of ET-1 to the vascular response to insulin and ACh in T2D (11, 24, 48, 63, 64) and to the reversal of these effects by exercise training. Considering the decrease in expression of a number of genes coding for proteins in the protein ubiquitination pathway it may be important to keep in mind that these gene expression patterns are present in OLETF rats that have been training for 12 wk. Thus it is possible that this gene expression pattern is much different during the initial weeks of training. For example, expression of these genes may be increased during the active remodeling of the arteriolar tree but are downregulated in the fully trained state examined in the present study.
EX and SPRINT also appeared to alter expression of genes coding for the solute carrier group of membrane transport proteins (Slc) which includes over 386 protein-coding genes from 52 gene families (22, 25, 61) . These proteins are involved in transporting solutes across membranes and some Slc proteins are PDZ scaffolding proteins that mediate cellular processes by binding to and regulating the membrane expression and protein-protein interactions of membrane receptors and transport proteins (6, 22, 25, 61) . Results indicate that EX and/or SPRINT altered expression of 53 Slc genes (Table 8) and that EX produced the greatest changes in Slc gene expression in the S2a (8 increased and 12 decreased), RG2a (3 increased and 9 decreased), and WG2a (8 increased and 3 decreased) whereas SPRINT had the greatest effects on GFA (4 increased and 4 decreased), RG2a (3 increased and 9 decreased), and SFA (8 increased and 4 decreased). These results also support our conclusion that changes in vascular gene expression patterns differ in muscle depending on fiber type composition and along the arteriolar tree in a given muscle. The Slc gene whose expression was most influenced by EX/SPRINT was Slc9a3r2 with increased expression in four of five arterioles of both SPRINT and EX groups. Slc9a3r2 is a member of the Na ϩ /H ϩ exchanger regulatory factor (NHERF) family (specifically NHERF2) of PDZ scaffolding proteins and inorganic cation/ anion transporters (Na ϩ /H ϩ exchanger) and has been reported to exhibit endothelial cell-specific expression (46, 67) . NHERF2 is a negative regulator of endothelial cell proliferation (6) . Thus Bhattacharya et al. (6) reported that knockdown of this gene in mice resulted in increased endothelial cell turnover and excessive angiogenesis. It seems possible that expression of this gene was depressed early on in the training programs, but at 10 wk of training when these tissues were harvested, structural adaptation is stable and endothelial cell turnover is decreased by increased expression of Slc9a3r2.
It is also interesting that six of the mitochondrial transport genes were changed in four of five arteriole samples (none of these genes had altered expression in the WG2a) and expression of nearly all of these genes was decreased (one exception was Slc25a24 which increased in S2a-EX and decreased in GFA-SPRINT). There are 43 gene-coding members of the Slc25 family including Ucp-1, Ucp-2, and Ucp-3 (Slc25a9). Slc25a25 exhibited decreased expression in GFA, RG2a, and S2a with EX and in RG2a with SPRINT (Table 8 ). The significance of changes in these genes coding for mitochondrial transport proteins is not apparent at this time nor is it clear why the WG2a arterioles did not exhibit any changes in expression of these genes.
We previously reported that SPRINT increased expression of Hspa12b (heat shock 70kDa protein 12B) mRNA in the SFA (57) . Present results indicate that Hspa12b is also increased in WG2a of SPRINT rats. In the GFA, RG2a, and S2a, expression of this heat shock protein was not altered, but Hsp1, Hsp5 (HSP70), and Hsp90 were all increased in these arteries by SPRINT. SPRINT also increased expression of Hspa8 in the SFA, and EX increased expression of Hspa12b in SFA and WG2a. Hsp5 and Hsp90 were increased by EX in the SFA, S2a, and RG2a. Heat shock proteins protect cells when stressed, and these proteins are among the most highly expressed cellular proteins across all species. HSP90 assists proper folding of proteins in the cell, and HSP5 is also involved in the folding and assembly of proteins but is found primarily in the lumen of the endoplasmic reticulum. HSPA12B is a member of the HSP70 family of proteins that function as molecular chaperones, assist in protein synthesis, assembly, trafficking between cellular compartments, and degradation. HSPA12B is predominantly expressed in endothelial cells and required for angiogenesis, but the distribution of expression in various endothelia is heterogeneous (26, 65) . Available evidence suggests that HSPA12B modulates angiogenesis by regulating endothelial cell adhesion and migration (65) . The distribution of the altered expression of Hspa12b among arterioles examined in this study is intriguing. Both SPRINT and EX stimulated increased expression of Hspa12b in SFA and WG2a, but not in S2a, GFA, or RG2a. Basal expression of this gene is similar in all arterioles. Steagall et al. (65) report that the protein coded by Hspa12b (HSPA12B) is expressed in adipose tissue, brain, heart, kidney, and lung but not liver sinusoidal endothelial cells and that in the heart and brain all sizes of vessel express HSPA12B whereas in adipose tissue and lung it is primarily present in capillaries. Because of the role of HSPA12B in angiogenesis these results suggest regional differences in EX and/or SPRINT induced angiogenic signals in the soleus and white gastrocnemius muscle relative to the red gastrocnemius muscle. These observations make it apparent that it is important to determine the distribution of expression of genes throughout skeletal muscle arteriolar networks and whether different forms of exercise training have an influence on these expression patterns.
To summarize present results relative to signals for angiogenesis and structural vascular remodeling we observed that several genes in the VEGF signaling pathway exhibit increased expression in skeletal muscle arterioles after EX and SPRINT including Shc1, Akt, and Bcl2l1. Ankrd23 and Abra are also Exercise Training and Vascular Transcriptional Regulation • Laughlin MH et al. increased by EX and/or SPRINT in some arterioles while Ubc, Ubd, and Ups units are decreased by EX and/or SPRINT. EX and SPRINT also alter expression of eNOS/ET-1, Slc9a3r2, and Hspa12b genes, which have also been shown to affect angiogenesis and vascular remodeling. Understanding how all these factors may interact in T2D in modulating vascular adaptation to exercise training will require future work which promises to result in a major advance of our understanding of exercise training-induced vascular adaptation.
This study provides an RNA-Seq based characterization of the effects of exercise on the transcriptome of gastrocnemius and soleus muscle arterioles from obese rats. A significant finding of the study is that treadmill exercise in rats, both EX and SPRINT, alters gene expression patterns in WG2as and has greater effects in SFA and S2a than in gastrocnemius muscle arterioles. This finding is puzzling given the knowledge that treadmill bouts of exercise are associated with greater relative increases in muscle fiber recruitment/metabolism and blood flow to the gastrocnemius muscle compared with the soleus muscle.
One central hypothesis driving this series of experiments was that hemodynamic forces, including shear stress and wall stretch, are among the key signals for altered gene expression in the arteriolar network of skeletal muscle. Therefore our hypothesis was that training-induced changes in gene expression would be greatest in the arteries experiencing the greatest increases in blood flow during exercise training bouts. Although some results from this study are consistent with this conception of exercise-induced vascular adaptation, most of the genes whose expression was altered by SPRINT and EX are not considered shear stress-responsive genes (8, 12) . Overall the number of genes with altered expression and the variety of biological processes controlled by these genes suggests that this conception of the signal for adaptation is dramatically oversimplified. There is no doubt that the effects of exercise training on vascular cell gene expression in the arteriolar network of skeletal muscle are complex. Our results are consistent with the conclusion that these effects differ with skeletal muscle fiber type and with location of the vascular cells in the vascular tree. Given the complex nature of changes in vascular gene expression reported herein, it appears unlikely that hemodynamic forces are the only exercise-induced signals mediating the regulation of vascular gene expression. It is important to determine what other exercise-induced signals mediate the altered vascular cell gene expression we report herein.
Caveats. We analyzed and interpreted the results of this study from our perspective of a search for mechanisms responsible for vascular adaptation in skeletal muscle arterioles. We recognize that this is a limited view of the large amount of data obtained in this study. We anticipate that others who examine the results provided in the Supplemental Data, available with the online version of this article, will make equally important interpretations. Also, it is important that our results were obtained from whole arterioles so we cannot at this time establish which cell type in the arterioles is responsible for the altered gene expression. Future research is required to address this important question. Finally, in interpretation of our results we considered muscle fiber recruitment patterns, and blood flow distribution patterns within and between the gastrocnemius and soleus muscles obtained from normal rats. We have not made these measurements in OLETF rats and it is possible that recruitment/metabolism and blood flow are different in these obese rats. Also, because we only examined the treatment effects of EX and SPRINT in OLETF rats, the effects of these exercise training programs on vascular gene expression patterns may be different in nonobese rats.
